Arabinogalactan proteins are proteoglycans located in the plant cell wall. Most arabinogalactan proteins 15 are composed of carbohydrate moieties of β-(1→3)-galactan main chains with β-(1→6)-galactan side chains 16 terminated by other glycans. In this study, three novel endo-β-(1→3)-galactanases were identified and the 17 substrate specificity was further studied using well-defined galactan oligomers. Linear and branched β-18 (1→3)-linked galactans, which resemble the carbohydrate core of the arabinogalactan protein, were used 19 for the characterization of endo-β-(1→3)-galactanases. The identified enzymes required at least three 20 consecutive galactose residues for activity. Non-substituted regions were preferred, but substituents in the 21 -2 and +2 and in some cases also -1 and +1 subsites were tolerated to some extent, depending on the 22 branching pattern, however at a significantly lower rate/frequency. 23 Keywords 24 β-(1→3)-galactanases; gum arabic; β-(1→3)-galactan; type II arabinogalactan; glycosyl hydrolase (GH) 25 family 16 26 27
Introduction

28
Arabinogalactan proteins (AGPs) belong to the family of hydroxyproline-rich glycoproteins (HRGPs) and 29 they are characterized as highly glycosylated proteoglycans (Pereira et al., 2015) . They are considered as one 30 of the most complex macromolecule families found in plants. Their complexity is revealed from the 31 remarkable diversity of the glycans attached to the protein backbone, compromising 90-95% of the total 32 mass (Ellis et al., 2010) . Determining the precise structure of the carbohydrate moiety of the AGPs is of 33 major importance to better understand their biosynthesis and their biological and possible industrial 34 Page 3 of 32 applications (Ling et al., 2012) . AGPs are known to be involved in various processes in plant growth and 35 development such as cell division (Serpe and Nothnagel, 1994) , cell development (Van Hengel and Roberts, 36 2002) , signaling and cell death (Gao and Showalter, 1999) . 37
AGPs consist of a core protein rich in hydroxyproline and large arabinogalactan (AG) domains that 38 commonly comprise a backbone of β-(1→3)-linked D-galactose with branch points of β-(1→6)-linked D-39 galactose of one, two or three residues in length usually terminating in arabinofuranose (Araf), 40 rhamnopyranose (Rhap) and galactopyranose (Galp) residues (Ellis et al., 2010) . Some AGs are additionally 41 decorated by short Araf oligosaccharide chains and others are rich in uronic acid residues (GalpA, GlcpA) 42 (Showalter, 2001) . 43
AGPs can be used as food and pharmaceutical products due to their general adhesive, emulsifying and 44 water-retaining properties (Showalter, 2001) . They are important components of various plant gums or 45 exudates and bestow remarkable properties on these plant products. For instance, gum arabic is a dried 46 exudate from Acacia Senegal and represents one of the most commercially significant gums. It is widely 47 used in the pharmaceutical and food industries due to its low viscosity and toxicity (Showalter, 2001) . Gum 48 arabic is a polydisperse molecule, which has morphological similarities with the AGP complex and AG 49 fractions (Nie et al., 2013) . By investigating its structure with 2D NMR spectroscopy, it was proposed that 50 gum arabic is a branched complex polysaccharide, which constitutes of a backbone of β-1,3-galactan with 51 extensive branching at the O-2, O-4 or O-6 position. The branches consist of β-galactosyl, β-glucuronosyl, α-52 arabinosyl, and α-rhamnosyl residues (Mahendran et al., 2008) . 53
Enzymes hydrolyzing β-1,3-galactans include exo-β-(1→3)-galactanases and endo-β-(1→3)-galactanases. 54
Exo-β-(1→3)-galactanases from glycosyl hydrolase family 43 (GH43) hydrolyze the β-(1→3)-galactan 55 backbone of e.g. partially debranched gum arabic or larchwood arabinogalactan in an exo fashion requiring 56 at least two consecutive galactose residues for activity. Remarkably, they are able to bypass branch points 57 Page 4 of 32 Ishimaru, 2013; Tsumuraya et al., 1990) . Endo-β-(1→3)-galactanase activity was observed already around 59 1970 (Hashimoto, 1971; Hashimoto et al., 1969) , but has been much less studied and was first rigorously 60 characterized by Kotake and co-workers in 2011 (Kotake et al., 2011) . The authors identified the first endo-61 β-(1→3)-galactanase (FvEn3GAL) from the winter mushroom Flammulina velutipes which was subsequently 62 cloned, purified and characterized. Two homologous endo-β-(1→3)-galactanases (45-46% sequence 63 homology to FvEn3GAL) from Aspergillus flavusi (Af3G) and from Neurospora crassa (NcEn3GAL) were 64 recently expressed in Pichia pastoris, purified and characterized (Yoshimi et al., 2017) . All three enzymes 65 specifically hydrolyse β-(1→3)-galactan and β-(1→3)-galactooligosaccharides with degree of polymerization 66 of at least three (Kotake et al., 2011; Yoshimi et al., 2017) . However, the enzymes only have trace activity 67 towards native gum arabic, probably because branching at the 6-position prevents them from accessing the 68 β-(1→3)-galactan main chains. These enzymes are classified as EC 3.2.1.181 and belong to GH16 (Sakamoto 69 and Ishimaru, 2013), a family that also includes endo-β-(1→3(4))-glucanases. Apart from FvEn3GAL, 70
NcEn3GAL and Af3G, no other endo-β-(1→3)-galactanases have been described in the literature. Endo-β-71 (1→3)-galactanases could be relevant industrially due to their potential to process AGP, gum arabic or 72 larchwood arabinogalactan, possibly in combination with auxiliary, debranching enzymes such as endo-β-73 (1→6)-galactanases, α-L-arabinofuranosidases and α-L-rhamnosidases (Sakamoto and Ishimaru, 2013; 74 Yoshimi et al., 2017) . 75
In the present study, three novel fungal endo-β-(1→3)-galactanases from GH family 16 were identified and 76 their modes of action were investigated by studying their activity on well-defined linear and branched AGP 77 oligosaccharides produced by chemical synthesis (1-4, Figure 1 The activity of the three enzymes was tested on a range of different polysaccharides. Substrate 208 concentrations were 1.7-5 g/L, enzyme dosage 0.007-0.03 g/L in 6.7 mM acetate buffer pH 5. The 209 reactions were carried out at 40 °C for 45 minutes and terminated at 95 °C for 10 minutes. The activity was 210 determined by reducing end assay, and the activities were adjusted for differences in substrate 211 concentration and enzyme dosage and normalized. 212
2.13.
Temperature and pH optimum 213
The pH and temperature optimum was determined for NfEn3GAL on the degradation of triple Smith 214 degraded gum arabic. The temperature range was 20-80 °C and pH 2-9. The enzymatic reactions contained 215 2.14.
Hydrolysis of defined substrates 219
The reaction conditions to determine the hydrolysis of the defined linear and branched galacto-220 oligosaccharides (1-4) were 1 g/L substrate, 0.01 g/L enzyme, 10 mM acetate buffer pH 5 and incubation at 221 40 °C at 700 rpm in a thermomixer. Sampling was performed at different time points and stored on dry ice. 222
Prior to HPLC analysis samples were thawed and mixed with PEG 1500 solution (0.2 g/L in acetonitrile). 223
2.15.
Reducing end assay
224
The enzymatic activity on triple Smith degraded gum arabic was determined by reducing end assay, 225 modified from Lever (Lever, 1977) for optimal reaction conditions in a 96 well format. A fresh color reagent 226 was prepared from 106 µL 1 M bismuth solution, 10.6 mL 5% (w/v) 4-hydroxybenzoic acid hydrazide and 227 89.3 mL 0.536 M NaOH. Enzymatic reactions were terminated by storing the samples on dry ice, and 20 µL 228 of proper diluted reaction was added to 280 µL color reagent and incubated for 10 minutes at 70 °C. After 229 cooling to room temperature, the absorbance was measured at 410 nm against a blank. A standard curve 230 containing galactose was used for quantification. 231
HPLC-MS
232
Identification of the degradation products was performed on a Waters Acquity UPLC coupled with a 233 photodiode array (PDA) and a single quadrupole (SQD) MS detector (Waters Corporation), equipped with 234 an XBridge Amide, 2.1x150 mm and particle size 1.7 μm column (Water Corporation). Column temperature 235 was 20 ˚C, flow rate 0.4 mL/min and injection volume 2 µL. Two solvents of elution buffers were used: 236 solvent C, ultra-pure water with 0.1% formic acid; solvent D, acetonitrile with 0.1% formic acid. Gradient 237 elution was employed, from 70% to 10% acetonitrile over 18 min followed by 2 min wash (90% 238 acetonitrile). Chromatographic system control, data acquisition, and chromatographic analysis were done 239 with MassLynx V4.1 software. 240
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HPLC-ELSD 241 Separation and quantification of the reaction products were carried out at a Waters e2695 Separations 242
Module HPLC system coupled with an Agilent 1260 Infinity ELSD, equipped with an XBridge Amide, 243 4.6x150 mm and particle size 3.5 μm column (Waters Corporation). The major analytical parameters were 244 20 ˚C column temperature, 1.0 mL/min flow rate and 10 μL injection volume. Solvents, gradients and 245 software were as described for the UPLC-MS analysis 246 The representative chromatograms of each compound and their mixture are shown in supplementary 303 figure 2. The results indicated that sugars were well separated on the HPLC-HILIC column and that 304 determination of the degradation products was possible. 305
Results
All three enzymes were able to degrade Gal5 following the same major degradation pattern ( Figure 4A) , 306
where the pentamer was degraded into Gal3 and Gal2. For both AtEn3GAL and PsEn3GAL, Gal3 was further 307 degraded into Gal2 and Gal, while no further degradation of Gal3 was observed for NfEn3GAL. A higher 308 activity towards Gal5 compared to Gal3 was observed, indicating a greater affinity for the longer oligomer.
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out. 358
The degradation of the branched oligomers followed different primary pathways, but with overlap among 359 the three enzymes suggesting slightly different substrate preferences of the different enzymes. 360 Furthermore, the particular substrate specificity of all three enzymes showed a preference for hydrolysis of 361 the β-(1→3)-linkage of β-(1→3)-galactooligosaccharides having at least three consecutive galactosyl units 362 which is in accordance with the observations of Kotake et al. (Kotake et al., 2011) . Furthermore, the relative 363 reaction rate was higher on Gal4, Gal5 and Gal7 than on Gal3 which supports the hypothesis of Kotake that 364 longer unbranched β-(1→3)-galactooligosaccharides serve as better substrates than Gal3. None of the 365 enzymes were able to hydrolyze the β-(1→6)-linkage, since all the proposed degradation products were 366 observed with a different retention time compared to linear oligosaccharides, hence can be assumed to be 367 branched. The β-(1→6) branching of the β-(1→3)-galactan backbone did reduce the degree of hydrolysis, 368 but did not completely prevent the enzymes from acting on substrates and degradation products carrying a 369 β-(1→6) branch. Furthermore, subtle differences between the substrates were observed: both AtEn3GAL 370 and PsEn3GAL tolerated substitutions in subsites -2, -1, +1, and +2, but AtEn3GAL was not able to hydrolyze 371 Gal2 3 Gal3 ( Figure 7A ) even though a substitution in the -2 subsite was accepted during hydrolysis of 372 Gal2 5 Gal7 ( Figure 6A ). Likewise, PsEn3GAL was able to hydrolyze Gal2 3 Gal4 with the substitution in the -1 373 subsite, but was not able to hydrolyze Gal2 3 Gal3. This might be due to a requirement of at least four 374 consecutive β-(1→3)-linked galactosyl units, if one of them is substituted. Although able to tolerate a single 375 substituent at either -2, -1, +1 or +2 subsites, it is currently not known how two closely positioned 376 substituents affect reactivity. In any case, significant substitution of the β-(1→3)-galactan backbone clearly 377 impedes enzyme efficiency by blocking access to the backbone as observed with native gum arabic and the 378 single, double and triple Smith degraded gum arabic samples having decreasing degrees of branching (Table  379 2). Tables   475   Table 1 . Physico-chemical properties of GH16 endo-β-(1→3)-galactanases. 476
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